In 38 consecutive patients the pulmonary autograft was used in aortic root replacement. Investigations were performed with transthoracic echocardiography, transoesophageal echocardiography and magnetic resonance imaging in 31, 27 and 27 patients respectively. The mean age at operation was 28·7 years (range 19·0-52·0) and the follow-up period was 2·8 years (range 0·8-6·7). The pulmonary autograft diameter was measured at the subannular region (1), at the annulus at the hinge points of the valve leaflets (2), at the sinus (3), at the sino-tubular junction (4) and at the distal part of the autograft (5). With transoesophageal echocardiography the mean systolic measurements at levels 1 to 5 were 32, 31, 42, 35 and 34 mm, respectively. The corresponding diastolic measurements were smaller: 25, 28, 42, 35 and 34 mm respectively. There was no significant difference between transthoracic echocardiography and transoesophageal echocardiography measurements of the proximal autograft (levels 1-3). Diameters obtained with magnetic resonance imaging were 1 to 3 mm larger than those obtained with transthoracic echocardiography and transoesophageal echocardiography (P<0·05), except the annulus at systole (P>0·3).
Introduction
Aortic root replacement with a pulmonary autograft is a relatively new but established surgical technique for the treatment of aortic valve or root pathology. Although initial series mainly reported on children, the pulmonary autograft is nowadays also used in older patients [1] [2] [3] [4] . The expected long-term durability and the absence of the need for anticoagulants are advantageous for all age groups. Initially the pulmonary autograft was implanted 'freehand' inside the native aorta [1, 5] . Currently, many surgeons prefer aortic root replacement using the pulmonary valve and trunk as a functional unit [1] . However, the pulmonary autograft is exposed to systemic pressures, which may lead to an increase in pulmonary autograft diameter [6, 7] . An increase in diameter of the pulmonary autograft annulus diameter was reported in several paediatric series and interpreted as growth [8] [9] [10] . In adults however, studies on the postoperative pulmonary autograft diameter are scarce [2, 11] . In addition to pulmonary autograft annulus measurements, it may be important to measure diameters of the distal part of the pulmonary autograft. By 1973 Bellhouse had already stressed the importance of a normal geometry of the sinotubular junction to prevent aortic regurgitation [12] and redressing this geometry was successful in dissolving aortic regurgitation [13] . In our experience the distal part of the aortic root, and thus the pulmonary autograft in the aortic position, cannot be viewed with the available transthoracic echocardiography window. In order to validate the transthoracic echocardiography measurements of the proximal part of the pulmonary autograft and to find better imaging methods for the entire pulmonary autograft, comparison was made with transoesophageal echocardiography and magnetic resonance imaging. Transthoracic echocardiography and transoesophageal echocardiography are well established techniques for cardiac and aortic imaging but few data have been reported on the relative value of these methods for aortic root diameter measurements [14] . Magnetic resonance imaging is a fast developing imaging method and is increasingly used in cardiological practice [15] . Its value is reported for various diseases and abnormalities of the heart, aorta and pulmonary artery [16] [17] [18] [19] [20] . However, diameter measurements of the aortic root with magnetic resonance imaging have only rarely been reported [21] . The purpose of this study was to compare measurements of pulmonary autograft diameters in systole and diastole at different levels in adults using transthoracic echocardiography, transoesophageal echocardiography and magnetic resonance imaging.
Methods

Patients
From January 1989 until May 1995, 38 consecutive adult patients underwent aortic root replacement with a pulmonary autograft. There were 21 males and 17 females, with a mean age of 28·7 years (range 19·0-52·0). The original cardiac pathology of the patients was either congenital (n=28), degenerative (n=6), cured endocarditis (n=3) or annulo-aortic ectasia (n=1). A discrete subaortic stenosis was present in two patients in addition to valvular stenosis. The patients were operated upon with standard cardiopulmonary bypass techniques, including moderate hypothermia and cardioplegia. During operation the complete aortic root was excised and the coronary arteries were left on a button of aortic wall tissue. The pulmonary trunk, including the sino-tubular ridge, was excised with a proximal ridge of right ventricular tissue. The pulmonary autograft was transplanted to the left ventricular outflow tract and the coronary arteries were reimplanted. No attempt was made to wrap the base of the autograft. The pulmonary trunk was replaced by a cryopreserved pulmonary allograft in 37 patients and an aortic allograft in one patient.
Two patients died in hospital (5·3%). The mean follow-up period of the surviving 36 patients was 2·8 years (range 0·8-6·7). No patient died during follow-up. One patient underwent reoperation 2 years after the pulmonary autograft procedure for significant peripheral pulmonary stenosis at the distal suture line of the pulmonary allograft (peak gradient: 77 mmHg), resulting in severe tricuspid regurgitation. Autograft failure, thrombo-embolic complications or endocarditis did not occur during the follow-up period.
Measurements
Follow-up for patients after the pulmonary autograft procedure consists of a yearly visit to the outpatient clinic with clinical examination and transthoracic echocardiography. All patients were requested to undergo transoesophageal echocardiography and magnetic resonance imaging investigations. The (postoperative) follow-up period of the patients varied, as stated above. The time interval between the three investigations was as short as possible, with a maximum of 3 months.
Echocardiography
Echocardiograms (transthoracic echocardiography and transoesophageal echocardiography) were performed on a Vingmed (Vingmed CFM 750, Horten, Norway) or a Toshiba (Toshiba SSH 140-A, Otawara, Japan) echocardiographic system and recorded on VHS video. For transthoracic echocardiography, a 3·5 MHz transducer was used. Multiplane transoesophageal echocardiography was performed with a 5 MHz probe (Oldelft Instruments, Delft, The Netherlands). Measurements were made off-line using a two-dimensional contour acquisition program on a personal computer with electronic calipers, which were calibrated against fixed calibration markers on the two-dimensional images. If possible, pulmonary autograft diameters were measured at five levels ( Fig. 1 ): the subannular region (level 1), the annulus at the hinge points of the valve leaflets (level 2), the sinus at its largest diameter (level 3), the sino-tubular junction (level 4) and 1 cm distal to this junction (level 5). On transthoracic echocardiography, this was done in the parasternal long axis plane from a two-dimensional image, using the inner wall distance. Transoesophageal echocardiography measurements were obtained from the mid-oesophagus, in a semi-longitudinal plane with a long axis image, equivalent to transthoracic echocardiography. For transthoracic echocardiography as well as transoesophageal echocardiography the right coronary sinus, the right leaflet hinge point and the non-coronary leaflet hinge point were identified. For each level, measurements were performed in systole and diastole. Systolic measurements were obtained at maximal opening of the autograft leaflets. Diastolic measurements were done at a frame with maximal opening of the mitral valve, subsequent to the systolic frame. Three systolic and three diastolic frames with the best image quality of each echocardiogram were selected and two independent observers performed the measurements in each frame.
Magnetic resonance imaging
The magnetic resonance examinations were performed on a Vision MR system with a 1·5 T/2·0 T Helicon superconductive magnet (Siemens, Erlangen, Germany). Imaging was carried out at 1·5 T. Spin echo studies were performed using the optimized cardiac sequence provided by the manufacturer (T1 weighted with long echo times and additional de-phasing). Repetition time was set to approximately 85% of the individual patient R-R interval; acquisition was synchronized to the heart cycle by prospective cardiac gating. No respiratory compensation was used. The first multislice studies were performed in the transverse plane through the heart and ascending aorta (slice thickness 8 mm). The section through the pulmonary autograft valve was used as the scout image for a set of oblique images (slice thickness 4 mm) oriented along the long axis of the left ventricular outflow tract and pulmonary autograft.
Gradient echo cine sequences (FISP2D) were used for multiphasic imaging of the pulmonary autograft. Repetition time and echotime were 40 ms and 7 ms, respectively; flip angle was 40 . Slice thickness was 7 to 9 mm. Two or three slices were obtained in a sequence. Retrospective ECG gating was used to obtain images during the entire cardiac cycle; respiratory compensation was not used. Alternatively, a breath-hold cine sequence (segmented FLASH) with repetition time=80 ms, echotime=6·1 ms and a slip angle of 25 was used with an acquisition time of 16 s (1 level).
These cine sequences were oriented on the oblique spin echo images through the pulmonary autograft root. When images were not satisfactory, another set of oblique cine slices was oriented through the pulmonary autograft, with the previous sequence as scout image. Images were reconstructed on a 256 256 matrix to a pixel size of approximately 1·4 1·4 mm, depending on the field of view. Three images in systole, with maximal opening of the autograft leaflets, were selected as well as three mid-diastolic images. At these images, the pulmonary autograft diameter was measured at the same five levels as described for echocardiography, using the outer boundaries of the blood flow.
Statistical analysis
For transthoracic echocardiography and transoesophageal echocardiography two observers performed three measurements at each level in systole and diastole. For magnetic resonance imaging, two observers judged each of three images together and reached three consensus values. The observers were blinded to information from other imaging modalities. For each imaging modality the mean systolic and diastolic diameters at each level were calculated for the whole study population. The mean difference between the imaging modalities was calculated only from the patients in whom transthoracic echocardiography, transoesophageal echocardiography and magnetic resonance imaging measurements were available; from these the mean difference for all patients, with standard deviation, were calculated. A paired t-test was used to test the significance of these differences. Note that the three t-tests (transthoracic echocardiography-transoesophageal echocardiography, transthoracic echocardiography-magnetic resonance imaging and transoesophageal echocardiographymagnetic resonance imaging) are in fact multiple comparisons. The P-value should hence be interpreted with some caution. Consequently, a P-value <0·01 is considered statistically significant, instead of the standard level of 0·05. The differences between the imaging modalities were illustrated by the method of Bland and Altman [22] . The significance of the difference between systole and diastole was tested with a paired t-test. Statistical significance in these analyses was assumed when P<0·05.
Variability
For each imaging modality, at each level in systole and diastole, the standard deviation was calculated from the three measurements of each observer for transthoracic echocardiography and transoesophageal echocardiography measurements, and the three consensus values for the magnetic resonance imaging measurements. From these the mean standard deviation of the whole study population was calculated. This was regarded as representing the intra-method variability. Inter-observer variability (transthoracic echocardiography and transoesophageal echocardiography) was determined by the mean difference between the measurements of the two observers, with the standard deviation.
Results
Transthoracic echocardiography was available in 33 of the 36 surviving patients. In two of these patients the image quality was inadequate and no diameters could be measured. In the remaining 31 patients the sinotubular junction and the distal part of the pulmonary autograft were visible in 14 (45%) and five (16%) patients, respectively. Transoesophageal echocardiography investigation was initiated in 28 of patients 98. The probe could not be inserted in one patient. In the other 27 patients all measurements could be performed, except the sinotubular junction and the distal part of the pulmonary autograft in one and four patients, respectively.
Magnetic resonance imaging investigation was suitable for 33 patients. Two patients were rejected: one patient for the presence of a pacemaker and the other for claustrophobic anxiety. The time needed to finish the protocol varied between 40 and 50 min for each patient. In one patient the image quality was poor due to respiratory artefacts. In the remaining 30 patients some levels could not be measured due to motion artefacts or artefacts caused by metal sternal wires; for the levels 1 and 5 this concerned two patients and for level 4 one patient. In general, it was not possible to perform magnetic resonance imaging in as many patients as transthoracic echocardiography and transoesophageal echocardiography: 91% (30/33) vs 94% (31/33) and 96% (27/28), respectively.
The mean diameters of the pulmonary autograft at different levels in systole and diastole are presented in Table 1 . The differences between the imaging modalities are shown in Table 2 and the significance of the difference between the diameters in systole and diastole are presented in Table 3 Echocardiography Systolic and diastolic measurements with transthoracic echocardiography and transoesophageal echocardiography were reasonably similar for the subannular region, annulus and sinus (Table 2, Figs 2(a) and 2(b)). On transthoracic echocardiography, the measurements of the sino-tubular junction were statistically significantly larger than on transoesophageal echocardiography. No differences were calculated for the distal part of the pulmonary autograft as transthoracic echocardiography measurements at this level were only possible in four patients (Table 2 ). Both transthoracic echocardiography and transoesophageal echocardiography showed significant diameter differences between systole and diastole at the subannular region, annulus and sinus (P<0·05) ( Table 3 ). The diameter of the sino-tubular junction and the distal part of the pulmonary autograft showed no significant differences during the cardiac cycle at transoesophageal echocardiography (Table 3) .
Magnetic resonance imaging
The magnetic resonance imaging measurements were only congruent with echocardiography (transthoracic echocardiography and transoesophageal echocardiography) for the autograft annulus measurements in systole ( Table 2 , Figs 2(c)-2(f)). For the autograft annulus at diastole and for the other levels, magnetic resonance imaging diameters were larger when compared to transoesophageal echocardiography: at the subannular region in diastole magnetic resonance imaging measurements were 8·2 mm larger and the other diameters were 1·2 to 2·9 mm larger ( Table 2) . The difference between the diameters at systole and diastole showed the same pattern as echocardiography. Less extreme differences were noted at the annulus and sinus (Table 3) .
Variability
The intra-method variability of transthoracic echocardiography, transoesophageal echocardiography and magnetic resonance imaging were represented by the standard deviations of the measurements of each observer. Variability of the transoesophageal echocardiography measurements was somewhat smaller when compared to transthoracic echocardiography (Appendix, Table A ). The subannular region in diastole had the highest standard deviation in both transthoracic echocardiography and transoesophageal echocardiography, ranging from 1·5 to 1·9 mm. The standard deviation of the measurements at other levels varied between 0·6 and 1·6 mm (Appendix , Table A) , with the smallest variability at the sinus level in diastole. The standard deviation of magnetic resonance imaging overall was small, indicating that magnetic resonance imaging measurements within one patient, within one session were reproducible. The inter-observer variability (transthoracic echocardiography and transoesophageal echocardiography) was represented by the mean difference between the observers and the standard deviation. The mean differences ranged from 0·6 to 1·2 mm with standard deviations between 0·5 and 1·5 mm (Appendix, Table B ). Transoesophageal echocardiography showed generally smaller differences and standard deviations than transthoracic echocardiography.
Discussion
In this study the diameters of the pulmonary autograft in the aortic position were measured at different levels in systole and diastole. Three different imaging modalities were applied. Irrespective of the technique used, the pulmonary autograft diameters were large (Table 1) . On echocardiography the mean diameter of the pulmonary autograft annulus (mean values at transthoracic echocardiography and transoesophageal echocardiography higher than 30 mm) was larger when compared to the mean diameter of the native aortic annulus of a normal population in the same age group (mean value ca. 25 mm) [23] [24] [25] . Roman et al. [23] measured native aortic root diameters at the sinus, the sino-tubular junction and the level distal to this junction on transthoracic echocardiography. At these respective levels the autograft diameters were also larger: 42 vs 32 mm, 25 vs 28 mm and 34 vs 29 mm, respectively [23] . This mean pulmonary autograft annulus diameter was also larger when compared to the mean native pulmonary annulus diameter in this age group (ca. 25 mm) [26] . The differences between mean pulmonary autograft annulus diameters and native aortic and pulmonary annulus diameters were even larger when post-mortem studies were used for comparison [27] [28] [29] .
Echocardiography
In this study, transthoracic echocardiography was not appropriate for visualizing the distal part of the pulmonary autograft. The sino-tubular junction was measured 
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Eur Heart J, Vol. 19, February 1998 in 14 patients, but the diameters were much larger than on transoesophageal echocardiography and magnetic resonance imaging and were not congruent with the diameter differences at other levels. The most distal part of the pulmonary autograft was only visualized in four patients. The differences obtained at these levels are probably related to difficulty with imaging rather than a true difference. For the proximal three levels the diameters on transthoracic echocardiography and transoesophageal echocardiography were not statistically different in systole or in diastole. Agreement between transthoracic echocardiography and transoesophageal echocardiography for aortic annulus measurements has been reported in one other series [12] . Besides the possibility for adequately visualization of the distal part of the pulmonary autograft, the image quality of transoesophageal echocardiography was superior to transthoracic echocardiography. This was represented by the smaller variability of transoesophageal echocardiography as compared to transthoracic echocardiography.
Diameter changes during the cardiac cycle can be expected from two-dimensional echocardiographic studies of the aortic root [14, 25, 26] . In our study, the proximal pulmonary autograft diameters were significantly larger in systole. The large difference in the subannular region may be due to the presence of a right ventricular muscular cuff at the proximal part of the pulmonary autograft between the native left ventricular outflow tract and the pulmonary autograft annulus. In systole this flexible structure is stretched and properly visualized in contrast to diastolic images. The operative technique has been modified to take account of this. Nowadays, a very small right ventricular cuff is used for proximal implantation of the pulmonary autograft. Others recommend wrapping the proximal part of the autograft to avoid dilatation at this site [1, 7] . With transoesophageal echocardiography, cyclic diameter changes were absent at the sino-tubular junction and the distal part of the pulmonary autograft.
Magnetic resonance imaging
Although magnetic resonance imaging has proven its value in aortic and pulmonary imaging [16] [17] [18] [19] 30] and diameter measurements distal to the aortic and pulmonary root [20, [31] [32] [33] , few reports exist on the measurements of the aortic root [31, 34] . One study compared aortic root measurements on magnetic resonance imaging and echocardiography. The magnetic resonance imaging protocol in our study, using gradient echo cine sequences, was adequate to visualize the entire pulmonary autograft in systole and diastole with good agreement of the measurements within patients. The annulus measurements at systole with magnetic resonance imaging were not statistically different from the echocardiographic measurements. This may be related to the collagenous structure of the annulus, resulting in a fixed maximal diameter in systole. The other pulmonary autograft diameter measurements were larger on magnetic resonance imaging than on echocardiography (transthoracic echocardiography and transoesophageal echocardiography) (P<0·05). This is in contrast to the article by Fogel et al. [20] in which there was agreement between magnetic resonance imaging and transthoracic echocardiography measurements of the native pulmonary artery. Other studies also showed good correlations, but the mean differences between the imaging modalities were not reported [19, 32, 33] . The differences between echocardiography and magnetic resonance imaging as found in our study, may be explained fourfold. Firstly, the use of cine sequences with magnetic resonance imaging in which the outer boundaries of blood flow were measured, assuming that this represents the inner side of the aorta, rather than the inner site of the aortic wall as with 2-D echocardiography. The second explanation may be related to the construction of the magnetic resonance imaging images as they consist of many cardiac cycles. Differences in duration of cardiac cycles may have led to different extensions and/or positions of the autograft wall, resulting in larger diameter measurements. This contrasts with the real time image acquisition of echocardiographically obtained images. A third explanation for the difference between the measurements at the proximal three levels may be related to the orientation of the sections with magnetic resonance imaging; the non-circular shape of the annulus and subannular region and the different sizes of the sinuses may lead to a substantial variability. The last explanation may account for the differences between the sinus measurements: because the thickness of the slices at magnetic resonance imaging was 10 mm, the largest diameter of the two sinuses included will probably be measured. This is three times more than the thickness of the echocardiographic 'slices', ca. 3 mm (range 2 to 4 mm), which may not cut both sinuses at their largest diameter.
The advantages of transoesophageal echocardiography over transthoracic echocardiography in this study were the better image quality and the possibility of visualizing the entire pulmonary autograft. However, transoesophageal echocardiography is semi-invasive and in this study the probe could not be inserted in one patient. Magnetic resonance imaging is not invasive but the time required to finish the protocol is at least 40 min, due to long acquisition times (4 to 5 min) for each set of images. Contraindications for magnetic resonance imaging may exclude patients, like the presence of a pacemaker or claustrophobic anxiety in our study. Furthermore, magnetic resonance imaging is susceptible to artefacts due to respiration and metal sternal wires. Transoesophageal echocardiography and magnetic resonance imaging adequately visualize the entire pulmonary autograft, with smaller variability compared to transthoracic echocardiography. However, the standard deviation of magnetic resonance imaging measurements may be somewhat small because it concerns a comparison of consensus measurements rather than measurements of separate observers. In general, when dilatation of the pulmonary autograft is the subject of a study and diameters of the entire autograft are measured, it may be advisable to use magnetic resonance imaging or transoesophageal echocardiography during follow-up. This will be done in any of our future series so that firm conclusions can be made on the behaviour of pulmonary autograft diameters during follow-up and their relationship to pulmonary autograft valve function.
Limitations of the study
This study compares three imaging modalities. However, a 'gold standard' for measuring the real pulmonary autograft diameters is lacking and the real bias for each technique is unknown.
Conclusion
The mean observed pulmonary autograft diameters are larger than native aortic and pulmonary diameters of a normal population of the same age group. Transthoracic echocardiography is inadequate for imaging the distal part of the pulmonary autograft. Magnetic resonance imaging measurements are larger compared to echocardiographically obtained diameters, except for the autograft annulus in systole. *Inter-observer variability is given as the mean difference (mm) between the observers and its standard deviation; TTE=transthoracic echocardiography; TEE=transoesophageal echocardiography; SD: standard deviation (mm).
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